Summary We aimed to define whether vitamin E improves biochemical indices associated with symptoms of atopic dermatitis-like inflammation in NC/Nga mice. After picryl chloride (PC) application to their backs, changes in the content of thiobarbituric acid reactive substances (TBARS) and vitamin E, as well as the activity of antioxidant enzymes (superoxide dismutase (SOD), glutathione peroxidase (GSHPx) and catalase) were analyzed in the serum and skin of NC/Nga mice during a symptomatic cycle. The levels of inflammatory factors were also assessed, including IgE, cyclooxigenase-2 (COX-2), tumor necrosis factor (TNF-␣ ) and nuclear factor-B (NF-B). When allergic dermatitis was induced by the application of PC to the skin of the mice, skin inflammation appeared 2 wk after PC application, with the peak severity of inflammation observed 5 wk after PC application. Subsequently, the animals recovered from the inflammation by 9 wk after PC application. The TBARS content in the skin and serum increased markedly when the symptoms were the most severe, and decreased to levels near those in control mice by 9 wk after PC application. The activities of SOD and GSHPx in the skin and serum were also positively correlated with symptomatic changes; however, no change in catalase activity was observed 5 wk after PC application. Conversely, vitamin E content decreased at the stage of peak severity. The levels of all inflammatory factors analyzed in this study were altered in a manner similar to other indices. Additionally, vitamin E treatment markedly inhibited these PC-induced alterations. On the basis of these results, it is expected that the observed alterations in biochemical indices, which reflect the symptomatic cycle, may be applicable to objective diagnosis and treatment for atopic dermatitis, and that vitamin E may improve the symptoms of AD.
Atopic dermatitis (AD) is a chronic and intractable inflammatory skin disorder that is induced through genetic and environmental factors, including altered innate and adaptive immune responses. AD is characterized by a frequently repeated pathophysiological cycle through moderate-severe-moderate allergic conditions. Previously, physicians have diagnosed AD based on their medical experiences and subjective observations of the symptoms. Consequently, it is important to assess changes in diagnostic indices through the symptomatic cycle for an objective understanding of pathophysiological progress in AD. Although the cause of AD is not entirely clear, the etiology involves an imbalance between two types of helper T-cell (Th-cell), the Th1-and Th2-cells. Once Th2-cells are activated, the levels of Th2-related cytokines, such as interleukin (IL)-4, IL-5 and IL-13, are highly increased. IL-5, in particular, stimulates B-cells to induce immunoglobulin E (IgE), which subsequently binds to mast cells, leading to the production of prostaglandins and thromboxanes that contribute to allergic reactions in AD (1) (2) (3) . These prostanoid compounds arise from arachidonic acid through enzymatic reactions mediated by cyclooxygenase (COX) and lipoxygenase (LOX). There are two COX isozymes, COX-1 and COX-2, with the contribution of COX-2 being especially important in inducing inflammation. In practice, increased levels of COX-2 have been observed in patients with AD ( 4 ). Upon stimulation, activation of COX-2 results in the generation of reactive oxygen species (ROS), further accelerating inflammation. These observations indicate that AD patients are subjected to oxidative stress. In fact, it has been suggested that increased ROS and lipid peroxides may underlie the pathogenesis of AD due to increased serum levels of nitric oxide (NO) and thiobarbituric acid reactive substances (TBARS), together with an imbalance in the antioxidant defense systems ( 5 , 6 ). Furthermore, there is a positive correlation between NO, TBARS, and superoxide dismutase (SOD), as well as a negative correlation with erythrocyte catalase, and the duration of lichen planus (LP) ( 7 ). Thus, an increase in oxidative stress and an imbalance in the antioxidant defense mechanisms are characteristics of dermatosis, such as AD. Inflammatory cells, especially macrophages and T cells, infiltrate into the epidermis in inflamed skin and secrete inflammatory cytokines such as tumor necrosis factor (TNF)-␣ , interferon (IFN)-␥ , or interleukin (IL)-6. TNF-␣ is a pivotal inflammatory cytokine in the innate immune response and a key factor in skin inflammation ( 8 ) . Since TNF-␣ expression is regulated by activation of the transcription factor nuclear factor-B (NF-B), and TNF-␣ itself induces NF-B activation, TNF-␣ activation may play a pivotal role in the immune and inflammatory responses ( 9 , 10 ) . Although it has been suggested that these factors are involved in the manifestation of AD, currently there are no reports that examine biochemical indices of AD with respect to the moderatesevere-moderate allergic symptom cycle.
In recent years, specific functions of vitamin E that are independent of its antioxidant effect have been characterized ( 11 ) . These functions are likely to be due to specific interactions between vitamin E and enzymes, structural proteins, lipids and transcription factors. In fact, vitamin E inhibits cell proliferation, platelet aggregation and monocyte adhesion, as well as inflammatory factors such as IgE, COX, TNF-␣ and NF-B ( 12 ). Consequently, it is important to assess whether vitamin E improves pathophysiological and biochemical changes through the symptomatic cycle of AD. This study was undertaken to establish whether changes in these indices correlate with the severity of experimental AD symptoms, and to determine whether vitamin E inhibits these biochemical changes in the picryl chloride (PC)-induced mouse model of AD. Assessment of skin features and severity of inflammation through symptomatic cycle of AD . Three-week-old NC/ Nga mice were subcutaneously injected in their backs with a 4% solution of RRR-␣ -tocopherol in dimethylsulfoxide (100 L, 200 mg/kg body mass) every other day for 2 wk before PC sensitization. The backs of control mice and vitamin E-treated mice (5 wk old) were sensitized with a 5% PC solution in a mixture of ethanol and acetone (4 : 1) on a different region from the vitamin Etreated region. At 4 d after sensitization, a 0.05% PC solution in olive oil was applied to their backs. The severity of inflammation was assessed at 2, 5 and 9 wk after PC application.
MATERIALS AND METHODS

Materials
Analyses of TBARS and vitamin E contents in the skin and serum . After rats were sacrificed by decapitation, blood samples were collected in test tubes and each sample was centrifuged at 5,800 ϫ g for 10 min at 4˚C to obtain the serum. The back skin of the inflamed region was cut and frozen immediately using a liquid nitrogen bath. Frozen skin samples were powdered by crushing with a hammer, suspended in a phosphate buffered saline (PBS), and then homogenized using a glass/Teflon homogenizer in an ice bath. The homogenates were centrifuged at 5,800 ϫ g for 10 min at 4˚C, with the supernatants used in subsequent analyses. The supernatants and serum samples were diluted 10 times in PBS. Protein content was quantitated using the BioRad protein assay reagent (Bio-Rad Laboratories, Inc., CA, USA).
TBARS levels in the skin and serum were measured under acidic conditions as previously reported by Ohkawa et al. ( 13 ) . The content of TBARS is expressed as nanomolar equivalents of malondialdehyde per milligram of protein. For analysis of vitamin E contents in the skin and serum, an aliquot of the sample was mixed with 2 mL of a 6% pyrogallol solution in ethanol, 35% KOH solution and 2-methyl-2-(4,8,12-trimethyltridecyl)chroman-6-ol (240 pmol) as an internal standard. The mixture was saponified at 100˚C for 45 min and, after cooling, the mixture was extracted with a solution of hexane and ethyl acetate (9 : 1). The extract was evaporated using nitrogen gas, and analyzed by reversephase HPLC with electrochemical detection (Shiseido, Tokyo, Japan).
Measurement of antioxidative enzymes in the skin and serum . The activity of SOD in each sample was analyzed by monitoring the reduction of nitroblue tetrazolium using an SOD analysis kit (SOD Test, Wako). The activities of catalase and glutathione peroxidase (GSHPx) were assessed according to previously reported methods ( 14 , 15 ) .
Measurement of total IgE and COX-2 expression in the skin and serum . The levels of total IgE in the skin and serum were assessed using a sandwich enzyme-linked immunosorbent assay (ELISA) method. A 96-well plate was coated with goat anti-mouse IgE by incubating for 24 h at room temperature. To block non-specific binding, the wells were washed for 3 min at room tempera-ture with washing solution (1% bovine serum albumin (BSA) in PBS containing 0.6% trizma base, 0.05% Tween 20 and 0.8% NaCl, (pH 8.0)). After the solution in the well was discarded, the second blocking solution (1% BSA in PBS containing 0.6% trizma base and 0.8% NaCl, pH 8.0) was added, and incubated for 1 h at room temperature to obtain the pre-coated well plate. Samples were added to the well in duplicate, and incubated for 3 h at room temperature. The wells were then washed five times with washing solution and goat antimouse IgE-HRP conjugate was added and incubated for 30 min at room temperature. The wells were washed an additional five times with the washing solution and the plate was developed using a substrate solution containing 0.04% o -phenylenediamine and 0.0002% H 2 O 2 (100 L/well). The reaction was terminated by the addition of 6 N H 2 SO 4 (100 L/well), and absorbance at 492 nm was measured using a microplate reader (Wako). The total IgE levels were calculated using a standard curve generated using mouse IgE.
Assessment of the expression of COX-2 in the skin and serum was carried out using the immunoblotting method. An aliquot of the samples (4 g protein) was dissolved into 5 L of a 3- containing 2% BSA at 4˚C for 12 h. Blots were washed with TBS, containing 0.05% Tween-20, and incubated with HRP-linked anti-rabbit secondary antibody (1 : 2,000) for 1 h at 4˚C. After washing with a 0.05% Tween-20 in PBS, the HRP-labeled antibody was detected with the enhanced chemiluminescence detection system using a luminoanalyzer (FUJI Photo Film Co., Ltd., Tokyo, Japan). ␤ -Actin was used as an internal standard.
Measurement of TNF-␣ and NF-B in the skin and serum . The levels of total TNF-␣ and NF-B in the skin and serum were assessed by 96-well ELISA using the TNF-␣ ELISA and NF-B p65 sandwich ELISA kits according to the manufacturers' protocols. The absorbance of each sample was measured at 450 nm using a microplate reader.
Statistical analysis . Results are presented as means Ϯ SE. All data were analyzed with Student's t -test or a one-way ANOVA followed by a Dunnett's t -test. The experimental data were considered to be statistically different when p -values were less than 0.05.
RESULTS
Changes in skin features of induced-dermatitis in PC-treated NC/Nga mice
As shown in Fig. 1, 3 -wk-old NC/Nga mice were sensitized with the application of PC on their backs, with mild inflammation appearing 2 wk later. Thereafter, the inflammatory symptoms worsened, and the severest inflammation was observed 3 wk later (at 8 wk of age). Subsequently, the severity diminished and was healed by 4 wk later (at 12 wk of age), with the regrowth of hair on their backs. At the severest stage of symptoms, itching, erythematic lesions, hemorrhage, scaling and depilation were observed. Vitamin E-treated mice, with and without PC application, exhibited less inflammatory symptoms than PC-treated mice.
Changes in TBARS and vitamin E levels during the symptomatic cycle of AD
TBARS levels in the skin ( Fig. 2A) and serum (Fig.  2B) were highly increased at the severest stage of inflammation after PC application, with levels decreasing toward normal values by 12 wk, as shown in Fig. 2 . Conversely, the vitamin E content in the skin (Fig. 2C) , and plasma (Fig. 2D ) decreased markedly. However, vitamin E-treated mice did not show an increase in TBARS levels even with application of PC.
Changes in the activity of antioxidant enzymes during the symptomatic cycle of AD As shown in Fig. 3 , the activities of SOD, catalase and glutathione peroxidase (GSHPx) in the skin (A, C and E) and plasma (B, D and F) of PC-treated mice did not increase significantly during the stage of severest symptoms. The levels were similar to control values, except for the level of GSHPx. PC and vitamin E treatment did not induce changes in catalase activity during the period of evaluation. However, treatment with vitamin E resulted in more significant increases in SOD and GSHPx activity than those of control mice at the peak stage of severity.
Changes in IgE and COX-2 levels during the symptomatic cycle of AD
As shown in Fig. 4 , PC-treated mice showed marked increases in the levels of IgE and COX-2 in both skin (A and C) and plasma (B and D) at the peak stage of severity, with levels lowered by 12 wk. This pattern is similar to the changes observed in Figs. 2 and 3 . Vitamin E treatment produced a marked inhibition, approximately 50-70%, of the PC-induced increases in these factors. COX-2, in particular, was not detected at 5 wk in the skin of the vitamin E-treated mice.
Changes in TNF-␣ and NF-B levels during the symptomatic cycle of AD
The levels of the inflammatory factors TNF-␣ and NF-B also underwent PC-induced alterations. The levels of TNF-␣ in the skin (Fig. 5A and C) and plasma ( Fig. 5B and D) at 8 wk increased by approximately two-fold compared to the levels at 5 wk. Similarly, PC-treatment increased the levels of NF-B by approximately 2-3 fold at the stage of peak severity. Again, the levels of these factors returned to normal by 12 wk. Consistent with the previous results, it was found that vitamin E significantly reduced the degree of changes during the symptomatic cycle of AD.
DISCUSSION
It is thought that AD patients are subjected to oxidative stress, and hence the resultant ROS and lipid peroxides may play a part in AD pathogenesis (5, 7) . In children with AD, the urinary concentration of acrolein (CH2ϭCH-CHO), which is a lipid peroxidation product with toxic activity, is markedly higher than in normal children (6, 16) . Kapun et al. also suggested that significantly elevated plasma malondialdehyde levels were found in canine AD patients (17) . These findings indicate that oxidative stress, with increased lipid peroxidation, is involved in the pathophysiology of AD. In this study, mice treated with an application of PC allergen to the back showed a marked increase in TBARS levels in the skin and serum at the peak stage of AD symptoms, with the levels decreasing toward normal levels as symptoms subsided (Figs. 1 and 2) . Accordingly, the levels of the antioxidant vitamin E in the skin and serum significantly decreased at the peak symptomatic stage and recovered to normal levels as symptoms subsided. When mice were treated subcutaneously with vitamin E, PC-induced changes in the levels of TBARS and vitamin E at the stage of peak symptom severity were markedly inhibited (Figs. 1 and 2) . These results suggest that not only does PC treatment induce oxidative stress in NC/Nga mice, thereby generating ROS and resulting in the development of AD symptoms, but also that vitamin E may relieve and/or inhibit the development of AD symptoms. Little is known about whether or not the changes in vitamin E in AD are correlated with other antioxidants in a systematic relationship. Therefore, we analyzed the activities of the antioxidant enzymes SOD, catalase and GSHPx in the skin and serum with respect to the development of AD symptoms. As shown in Fig. 3 , the activities of these enzymes in the skin and the serum did not increase at the stage of peak severity. When the animals were treated with vitamin E, the levels of SOD and GSHPx increased markedly at peak severity, followed by a regression toward normal levels. These results imply that the low activities of SOD and GSHPx at 8 wk after PC-treatment are due to consumption of these enzymes during antioxidation of ROS without supplementation from other organs. This notion may explain the finding that vitamin E treatment increases SOD and GSHPx activity during peak severity. Thus, the antioxidant network system works to protect against inflammation in AD. However, it is currently unclear why the activity of GSHPx in control mice increased at 8 wk. Further detailed investigation into this matter is necessary. It is known that catalase is active in the presence of excess H2O2 concentrations; in contrast, GSHPx is active at low concentrations. Furthermore, GSHPx is capable of eliminating lipid hydroperoxides, which may be implicated in the pathogenesis of AD. Consequently, GSHPx may be active during peak severity, rather than catalase, due to the low concentration of H2O2 and high levels of lipid hydroperoxides in the skin. Thus, the imbalance between ROS generation and detoxification, by antioxidants, through a breakdown in the antioxidant network results in oxidative stress in AD, culminating in an inflammatory event. Our results indicate that vitamin E treatment counteracts the disruption of the network, leading to prevention and/or healing of AD symptoms ( Figs. 1 and 2 ). COX-2 is involved in prostaglandin E2 (PGE2) biosynthesis in the arachidonate metabolic cascade pathway through its induction of ROS. Consequently, overproduction of ROS, caused by COX-2 activation, may further exacerbate inflammation in AD. Hence, it is widely accepted that alterations in COX-2 expression, and the abundance of its enzymatic product prostaglandin E2 (PGE2), play key roles in the development of inflammation. Furthermore, PGE2 production activates Th2 cells to secrete inflammatory cytokines, such as IL-5, which stimulate B-cells to induce IgE. It is recognized that high levels of IgE are one of the charac-teristics of AD, and clinical observations suggest a correlation between serum IgE levels and the extent of disease (18) (19) (20) . Therefore, we assessed changes in COX-2 and IgE levels associated with the symptomatic cycle of AD in this study. As indicated by previous reports, IgE levels in PC-treated mice were enhanced markedly in the skin and serum (Fig. 4) at peak severity. When AD symptoms regressed, the levels of IgE decreased to levels observed in control mice. The PC-induced increase in IgE was suppressed (~60%) by vitamin E treatment. Similar to the changes in IgE, the activity of COX-2 was also markedly increased at peak severity, and subsequently decreased to normal levels when symptoms regressed. Vitamin E-treated mice showed significant inhibition of PC-induced IgE production. Interestingly, COX-2 was not detected in the vitamin E-treated skin at the pre-symptomatic stage (Fig. 4) . These findings indicate that PC-induced AD-like skin inflammation is caused by oxidative stress generated through COX-2 activation (21), resulting in elevated production of IgE via B-cell stimulation. Furthermore, vitamin E decreases PGE2 production due to its inhibition of COX-2 activation, leading to moderation of the inflammatory process in AD. It is known that the macrophage-derived proinflammatory cytokine, TNF-␣, may play a crucial role in AD (22) (23) (24) . Large amounts of TNF-␣ are quickly released by stimulated mast cells. All inflammatory cells express TNF-␣ receptors, and respond to TNF-␣ activation with further TNF-␣ production. TNF-␣ expression is regulated by activation of the transcription factor NF-B, which is important in the activation of host immune responses, and TNF-␣ itself triggers NF-B activation (10) . Consequently, it is important to assess changes in these inflammatory factors during the symptomatic cycle of AD. As shown in Fig. 5 , PC treatment markedly increased the expression of TNF-␣ in the skin and serum during peak severity, and declined as symptoms subsided. In accordance with the changes in TNF-␣, the expression of NF-B was increased markedly in the skin and serum. Vitamin Etreated mice showed a marked inhibition of TNF-␣ and NF-B expression, even when treated with PC. The results in this study are the first to suggest that biochemical indices in PC-treated mice change significantly during the pathophysiological cycle (moderatesevere-moderate allergic symptom), and that vitamin E markedly inhibits increases in these indices through its antioxidant effect and/or non-antioxidative inhibition of inflammatory cytokines. Since it is thought that oxidative stress-induced ROS production may promote the activation of NF-B, vitamin E may control cellular signaling by modulating NF-B activation. In fact, it has been suggested that NF-B inhibitor improves AD in NC/NgaTnd mice (25) .
On the basis of these results, it is expected that the observed alterations in biochemical indices, which reflect the symptomatic cycle, may be applicable to objective diagnosis and treatment for atopic dermatitis, and that vitamin E may improve the symptoms of AD. However, further detailed investigations are necessary for the establishment of a theory.
